ABSTRACT Background: A previous study indicated that 31% of the elderly in Taiwan have a vitamin D deficiency. Vitamin D adequacy has been associated with physical performance in the elderly. Objectives: The first aim of the current study was to identify the determinants for vitamin D deficiency. The second aim was to evaluate the association between vitamin D status and physical performance. Design: A total of 5664 community-dwelling participants aged $55 y were recruited since 2008. Plasma total 25-hydroxyvitamin D concentrations were originally determined by ELISA and calibrated to a chemiluminescence measurement. Physical performance was assessed by handgrip strength, the Short Physical Performance Battery, timed up and go, a 6-min walk test, and single-leg stands. Multiple linear regression and logistic regression were used to estimate the cross-sectional associations. Results: Vitamin D inadequacy (,50 nmol/L) was related to higher education (P-trend , 0.01), body mass index [(BMI; in kg/m 2 ) ORs (95% CIs) for $30 compared with 18.5 to ,25 were 1.78 (1.14, 2.78) for men and 1.53 (1.11, 2.11) for women], and vegetable intake [fourth compared with first quartile, 1.58 (1.15, 2.18) for men and 2.38 (1.82, 
INTRODUCTION
The elderly are particularly susceptible to vitamin D deficiency because of low intestinal absorption, inadequate sunlight exposure, and impaired skin and renal synthesis (1) . It has been estimated that 40-100% of community-living elderly adults have vitamin D deficiency in the United States and Europe (2) (3) (4) . Traditionally, the focus on vitamin D has been for its role in maintaining bone health, for example, in improving bone mineral density and preventing osteoporosis and fractures. In the past decade, however, associations have been found between vitamin D deficiency and cancer, cardiovascular disease, diabetes, metabolic syndrome, symptoms of depression, cognitive deficits, frailty, and total or chronic diseasespecific mortality (5) . It was estimated that increasing the plasma 25- 
hydroxyvitamin D [25(OH)D]
8 concentrations of all Europeans to 40 ng/mL (w100 nmol/L) would reduce the total of economic burden of disease by 16.7%, or V187,000 million/y (6) .
Vitamin D deficiency is a major problem even in subtropical countries where sun exposure is sufficient to prevent vitamin D deficiency (7) . The prevalence of vitamin D inadequacy (,50 nmol/L) in the elderly has been reported to be 12-73% in Malaysia, 91% in India, 36% in China, 5-18% in Japan, and 69-80% in Korea (7) . Risk factors for vitamin D deficiency in Southeast Asian countries were identified as younger age, being female, living in an urban area, and being less physically active (8) . In Taiwan, the dietary reference intake of vitamin D for the elderly ($65 y old) is 10 mg/d, but the actual intake from food and supplements was found to be 6-7 mg/d (9); however, the vitamin D status in this population was usually adequate (30-40 ng/mL) (10) (11) (12) . A direct association between vitamin D intake and vitamin D status in the Taiwanese population has not yet been reported. Nevertheless, a cross-sectional study of older adults living in a northern Taiwan community revealed that 31% of the study subjects had vitamin D deficiency (10) .
Previous studies have reported that vitamin D has beneficial effects with a few exceptions on physical performance (13, 14) . Physical performance, particularly lower extremity functions, has accurately predicted disability, mortality, and nursing home admission across diverse populations of the elderly (15) (16) (17) . It is thus appealing to use vitamin D supplementation to prevent disability through improvement in physical performance. However, the factors related to vitamin D deficiency and the association between vitamin D status and physical performance have not yet been properly assessed in Taiwan. The first aim of the study was to explore the factors related to vitamin D deficiency, and the second was to evaluate the association between vitamin D status and physical performance in a community-dwelling elderly population in Taiwan.
METHODS

The Healthy Aging Longitudinal Study in Taiwan
The Healthy Aging Longitudinal Study in Taiwan (HALST) (registered at clinicaltrials.gov as NCT02677831) is a prospective study of community-dwelling elderly adults that has recruited 5664 volunteers across Taiwan since 2008. The cohort has been described previously (18) . In brief, all eligible residents ($55 y old) living within the catchment area of 7 collaborative hospitals were ascertained from household-registry archives. Among the 22,563 randomly selected subjects, 6968 subjects could not be located, 8610 subjects declined the invitation, and 6985 (31%) subjects agreed to participate. Subjects were excluded if they had any of the following conditions: highly contagious infectious diseases (e.g., scabies, open pulmonary tuberculosis); diagnosed dementia; severe illness (e.g., cancer under treatment) and/or being bed-ridden (unable to move); severe mental disorder (unable to communicate); muteness, hearing impairment, or blindness (unable to complete the interview); or other conditions, such as living in a long-term care facility or being hospitalized. The sample was selected to be representative of the source populations in terms of sex and education (primary school or less compared with more than primary school).
Data were collected at a home visit and a clinical examination for each participant. A face-to-face interview was conducted during the home visit and collected information on sociodemographic status, personal and family history of diseases, physical assessments, cognitive functions, geriatric conditions, sleep quality, mental health, health care utilization, physical activity and diet, and quality of life (Supplemental Table 1 ). During the clinical examination, participants provided fasting blood and spot urine samples, and physical characteristics, including anthropometric measures and blood pressure, were taken.
Informed consent forms were completed by each participant. The study was approved by the Institutional Review Board at the National Health Research Institutes and the collaborative hospitals.
Food-frequency questionnaire
The participants were asked to report the consumption frequency and the portion size of 72 food items over the past year. The original food-frequency questionnaire was developed for Chinese Americans (19) and then adapted for a validation study in the Taiwanese population (20) . Average consumption for each food item (in grams per day) was calculated from frequency and portion size. Food groups (i.e., fruits, vegetables, meat, fish, milk, and eggs) were created by summing the consumption of the relevant food items.
Assessment of physical performance
Physical performance was measured through handgrip strength and the Short Physical Performance Battery (SPPB), which included gait speed, 5-times chair stands, and standing balance during the home visit, and timed up and go (TUG), the 6-min walk test, and single-leg stands during the clinical examination at the hospital.
Handgrip strength was measured with a North Coast hand dynamometer (North Coast Medical Inc.) (21) . The best performance (in kilograms) in 3 trials was used for the analysis.
Success in single-leg stands was defined as being able to stand on one leg for 30 s with eyes open (22) . For the 6-min walk test, participants were encouraged to walk as far as possible in 6 min. Total distance walked (in meters) was recorded by trained examiners (23) . For the TUG test, the participants were asked to stand up from a chair, walk 3 m at their usual pace, turn around, and walk back to sit in the chair (24, 25) . Time (in hundredths of a second) was measured by trained examiners using a handheld stopwatch.
The SPPB scores were determined by using the following criteria (15): For tests of gait speed, the faster of 2 walks was used to define the scores. Participants received a score of 0 if they were not able to perform the test, 1 if their speed was #0.43 m/s, 2 if 0.44-0.60 m/s, 3 if 0.61-0.77 m/s, and 4 if .0.77 m/s. For 5-times chair stands, participants received a score of 0 if they were not able to perform the test, 1 if they completed the test in .16.7 s, 2 if 16.6-13.7 s, 3 if 13.6-11.2 s, and 4 if #11.1 s. For standing balance, the participants were asked to maintain their balance in 3 different standing positions for $10 s. Participants received a score of 0 if they were not able to perform the test, 1 if they could hold a side-by-side stand for 10 s but were unable to hold a semitandem stand for 10 s, 2 if they could hold a semitandem stand for 10 s but were unable to hold a fulltandem stand for .2 s, 3 if they could hold a full-tandem stand for 3-9 s, and 4 if they could hold a full-tandem stand for 10 s. A summary performance score was the sum of scores calculated across the 3 tests, with 0 representing the worst and 12 the best.
Vitamin D measurements and calibration
Biological samples were collected according to a standard protocol. Briefly, fasting blood and morning urine were collected and analyzed at a certified clinical laboratory, the Union Clinical Laboratory. After routine standardization and calibration tests, all the blood samples were centrifuged at 2500 3 g for 15 min at 48C. The plasma was separated into aliquots and stored at 2808C in a freezer at National Health Research Institutes.
The original total 25(OH)D in plasma was measured with an OCTEIA 25-Hydroxy Vitamin D EIA kit (Immunodiagnostic Systems Inc.). The inter-and intra-assay CVs of the measurement were 7-10% and 4-12%, respectively.
To quantify the measurement error of the original measurements, the Vitamin D External Quality Assessment Scheme (DEQAS) standards (5 samples at different concentrations) and a set of randomly selected samples (n = 62) were sent to the Union Clinical Laboratory, where the vitamin D was measured by Chemiluminescence, Diasorin, LIAISON. The bias from the DEQAS method means ranged from 22.6% to 9.2%.
We randomly split the samples into 2 parts and obtained an equation between the original and the new measurements (y = 0.0089x 2 + 0.3401x + 21.742, R 2 = 0.7411, where x = original measurements by ELISA and y = new measurements by chemiluminescence). We then applied the equation to the other part. To validate this equation, we sent another set of samples to the Union Clinical Laboratory (n = 106). We then applied the equation to this set of samples. Supplemental Figure 1 presents the Bland-Altman plots of the average and the differences between the measured and the calibrated results.
Statistical analysis
The plasma 25(OH)D concentrations (in nmol/L) were divided into ,30 (at risk of vitamin D deficiency), 30 to ,50 (at risk of inadequacy), 50 to ,75 (sufficient), 75 to ,125 (sufficient, but not consistently associated with increased benefit), and $125 (may be harmful) (26) . We used multiple linear regression models to determine the variables associated with vitamin D concentrations: age at recruitment (,65, 65 to ,75, or $75 y old); education; season of blood draw (March-May, June-August, September-November, or December-February); smoking status (never, former, or current); drinking status (never, former, or current); physical activity at leisure time (sex-specific quartile); physical activity at work (sex-specific quartile); BMI (in kg/m 2 : ,18.5, 18.5 to ,25, 25 to ,30, or $30); number of chronic diseases (0-2, 3-5, or $6); fruit, vegetable, meat, fish, milk, and egg intakes (in sex-specific quartiles); and multivitamin use (yes or no). People with missing data for vitamin D measurements (n = 364), physical performance (n = 399-711), or covariates (n = 434) were deleted from the relevant analyses.
The associations between vitamin D status and physical performance in a continuous scale were analyzed by multiple linear regression models. The dependent variables (physical performance) were log-transformed whenever necessary. The associations between vitamin D status and success in single-leg stands ($30 s) and success in full-tandem stands ($10 s for side-by-side, semitandem, and full-tandem stands) were studied by logistic regression. Because vitamin D concentrations and physical performance differed between sexes, the analyses were separated by sex and adjusted for age at recruitment; education; physical activity at leisure time and at work; BMI; number of chronic diseases; and fruit, vegetable, meat, fish, milk, and egg intakes. Season of blood draw, smoking, drinking, and multivitamin intake were removed from the covariate list because they were not associated with physical performance in the model selection process (stepwise method, P , 0.1 for entry and P . 0.1 for removal from the model). The normality assumption was tested by graphic examination of the residual distribution. The adjusted means were calculated by exponentiating the natural-log transformed means adjusted for the other effects in the model. Tests for trend were performed by modeling the categories as a continuous variable.
All analyses were performed by using SAS 9.3 (SAS Institute Inc.). Statistical significance was defined as a , 0.05. To deal with multiple comparisons, the false-discovery rate (q value) was calculated. A q value of ,0.05 was considered a significant association. P value plots were also used to estimate the number of true hypotheses (27) .
RESULTS
Overall, the mean 6 SD 25(OH)D concentrations were 66.7 6 28.8 nmol/L for men and 57.7 6 18.8 nmol/L for women. A total of 22% of men and 35% of women were at risk of vitamin D inadequacy. Table 1 shows the plasma 25(OH)D concentrations for men and women by center. The frequency of vitamin D inadequacy was higher in participants from the centers in the north (e.g., Taipei, Yangmei, and Miaoli) than in those from the centers in the south (e.g., Chiayi). Table 2 presents vitamin D status by study factors. This model explains 17% of the variation of the 25(OH)D concentrations for men and 14% for women. Table 3 shows the factors associated with vitamin D inadequacy. People who had higher 25(OH)D concentrations were younger and had lower education, higher work-related physical activity, lower BMI, low vegetable intake, and high fish intake ( Table  2 ). In men, the factors associated with vitamin D inadequacy were higher education, season of blood draw, no betel nut chewing, lower work-related physical activity, higher BMI, higher intake of vegetables, lower intakes of fish and milk, and no multivitamin intake (Table  3 ). In women, factors related to vitamin D inadequacy were older age, higher education, season of blood draw, higher BMI, higher intake of vegetables, lower intake of fish, and no multivitamin intake. Table 4 shows the results of multiple linear regression analyses and the logistic regression of the association between plasma 25(OH)D concentrations and physical performance. Very few subjects had 25(OH)D concentrations ,30 nmol/L (4 men, 34 women). Above that concentration, no dose-effect relation with physical performance was apparent, except for single-leg stands. Specifically, a higher OR of success in single-leg stands was associated with higher 25(OH)D concentrations (P-trend , 0.01 for both men and women). However, handgrip strength showed little variation across different 25(OH)D concentrations. Potential U-shaped associations were seen for vitamin D concentrations with TUG, the 6-min walk test, and the SPPB score, whereas there were statistically significant differences (P , 0.05) between the inadequate (30 to ,50 nmol/L) and sufficient (50 to ,75 nmol/L, reference) groups. The best performance was seen in participants whose 25(OH)D concentrations were 75 to ,125 nmol/L; but they were not significantly different from the vitamin D-sufficient group (50 to ,75 nmol/L).
DISCUSSION
In this elderly Taiwanese population, the prevalence of vitamin D inadequacy (,50 nmol/L) was 22% in men and 35% in women. Similar to what has been observed in Western countries, the factors associated with vitamin D status were behavior related. However, the direction of the associations suggests that the major source of vitamin D is sun exposure. Also, education was inversely associated with plasma 25(OH)D concentrations.
Vitamin D measurements are known to vary by methods and by laboratories using the same methods (28) . Based on the original measurements by ELISA, the mean concentration (49 nmol/L) was much lower than previously reported [30.7 ng/mL by a commercial radioimmunoassay kit (Incstar Corp.) (11), 36.21 ng/mL (12) , and 39.9 ng/mL (10) by the DiaSorin 25-Hydroxyvitamin (29) (30) (31) (32) (33) (34) (35) . We observed an association of vitamin D status with work-related physical activity in men but not with recreational physical activity (data not shown). In general, physical activity could be an index of sun exposure, which is a major source of vitamin D. The lack of association between recreational physical activity and plasma 25(OH)D concentrations may indicate something about the exercise habits of Taiwanese (e.g., indoor gym exercises and the covering of skin during outdoor activities). In addition, sun-avoiding behaviors may be neglected when performing work-related physical activities, particularly among men.
An inverse association between obesity and vitamin D status has also been commonly reported (31) (32) (33) (34) (35) (36) . Although those who were overweight or obese might tend to be less active, it has been reported that vitamin D is stored in adipose tissue and that vitamin D released from the skin into the circulatory system is decreased in obese people. Thus, people with obesity may be at greater risk of vitamin D deficiency (37) .
Education was associated with a higher prevalence of vitamin D inadequacy in both men and women. A similar result was observed in Japan (38) . In Western countries, low socioeconomic status or education has been associated with a higher risk of vitamin D deficiency (39) (40) (41) . Studies on knowledge and perceptions of Asian women revealed a gap between knowing how to prevent vitamin D deficiency and taking the recommended actions (29, (42) (43) (44) (45) . Because Taiwan is a sunny, subtropical country, sun exposure should be sufficient for vitamin D synthesis. However, the culture favors fair skin, and both men and women with higher educational levels may have adapted lifestyles to limit sun exposure (e.g., sunscreen use).
Dietary vitamin D information is not available in the current National Taiwan Food Composition Database. Nevertheless, a previous study showed that the major food sources of vitamin D in Taiwan are fish and its products along with milk and mushrooms (9). Our study confirms that fish and milk intakes were associated with higher plasma 25(OH)D concentrations. Although vitamin D fortification of milk is not mandatory in Taiwan, imported dried milk powder may be fortified, and the level of fortification depends on the brand of the dairy product.
The inverse association found between vegetable intake and vitamin D status was unexpected. Vegetable intake was positively associated with higher education and recreational physical activity (data not shown) in our study. The inverse association between vegetable intake and vitamin D status could be a result of residual confounding by education or a chance finding. However, its false discovery rates were low in both men (q = 0.01) and women (q = 0.04). The European Prospective Investigation into Cancer and Nutrition-Oxford study reported that vegetarians and vegans have lower plasma 25(OH)D concentrations than meat and fish eaters do (46) , suggesting that the differences between vegan and meat and fish eaters could be caused by the intake of animal food. However, sun exposure still had a greater influence on plasma 25(OH)D concentrations than did vitamin D intake (46) .
Betel nut chewing was associated with a lower frequency of vitamin D inadequacy in men in this study. Prior studies from Western countries have been inconsistent in showing that smoking and drinking can be risk factors for vitamin D deficiency (31, 34, 36, 47, 48) . The association between vitamin D status and smoking and drinking could arise from smokers and drinkers having different levels of vitamin D intake compared with (49) . In our study, betel nut chewers had lower fruit and vegetable intake, higher smoking and drinking rates, lower education, and higher work-related physical activity. To summarize these associations, it is reasonable to speculate that higher plasma 25(OH)D is a marker for a population that has lower education and less health-conscious behavior (lower fruit and vegetable intakes, and higher rates of smoking, drinking, and betel nut chewing), as well as a lifestyle that involves more sun exposure, such as work-related physical activity. In terms of the association of vitamin D with physical performance, we observed a nonlinear association between vitamin D status and physical performance (Table 4) . A threshold between vitamin D concentrations and physical performance has been suggested (14) , but null associations have been reported in populations with a very high or very low prevalence of vitamin D deficiency (50, 51) . Results from studies on populations with 25(OH)D concentrations similar to those in Taiwan have been inconsistent (52) (53) (54) . Additionally, vitamin D has been suggested to benefit global physical performance rather than specific performance (55) . Despite only a small proportion of subjects having 25(OH)D ,30 nmol/L in this study, we observed a U-shaped association between vitamin D status and SPPB score, with the highest score belonging to the group that had 25(OH)D concentrations of 75 to ,125 nmol/L.
Nevertheless, age explained the greatest variations of physical performance, whereas plasma 25(OH)D concentrations explained only w0.4% of the variation in physical performance (Supplemental Tables 2 and 3) . Physical performance is known to decline with aging, and participants with multiple comorbidities may have had restricted physical activity, thus leading to decreased muscle functions and increased BMI. The null-association between vitamin D status and physical performance in our study may imply an overall well-being of the study population due to the cross-sectional study design. Further investigation to assess the relation between vitamin D status and the declining rate of physical performance is warranted.
Our study has several limitations. First, because of the crosssectional analysis, it is difficult to infer causality. However, vitamin D status could be a marker for lifestyle patterns. Second, the model explains only 17% and 14% of the variation in 25(OH)D concentrations for men and women, respectively. Because our study had a limited number of subjects with vitamin D deficiency, this could limit our ability to find explanatory variables to predict vitamin D variation. Previous studies have reported model R 2 from 0.13 to 0.42 (32, 35, 39, 56) . The unexplained variation could be due to measurement error in the self-reported lifestyle data (e.g., physical activity). Theoretically, only outdoor activity is related to sun exposure, but we did not ask where the activity was performed. Many activities can be performed either indoors or outdoors, which could explain why we did not observe an association between recreational physical activity and 25(OH)D concentrations. Furthermore, we do not know the ambient exposure during the activity (e.g., tree cover). Other unexplained variability may be due to unmeasured confounding factors, such as genetics involved in vitamin D metabolism or other unmeasured factors related to sun exposure. Third, a single measurement of plasma 25(OH)D concentration cannot be viewed as being representative of long-term vitamin D status, and the differences in physical performance between groups do not provide clinically meaningful information. With longer followup of the participants, we expect to be able to address these issues in the future. Fourth, because we were testing associations between several factors and vitamin D inadequacy in a dataset, we cannot exclude the possibility of chance findings because of multiple comparisons. We adopted statistical methods, false discovery rate (q value), and P value plots to address the issue. Finally, because only 31% of the invited subjects agreed to participate, there may have been selection bias. Compared with subjects who agreed to participate, women (60% in nonrespondents compared with 53% in respondents), those who were older ($75 y old: 34% in nonrespondents compared with 26% in respondents), and those who had less than primary school education (64% in nonrespondents compared with 55% in respondents) tended to refuse to participate in the study. A total of 41% nonresponders did not give us a reason. The common reasons for decline included "did not want to participate in the clinical examination" (15%), "had taken physical checkup regularly or recently" (14%), "did not have time" (13%), and others. Generally speaking, the nonresponders were more likely to be older and female and to have lower education. In the HALST, all measurements were conducted by 15 centrally trained fieldworkers. Data collection, management, validation, and processing strictly followed the study protocols. The data quality was guaranteed through rigid quality-control procedures (e.g., consistency check, logic check, or range check). The quality control of the laboratory performance included repeat measurement of random subsamples that was built into the schedule to assess both intra-and interassay variation in an ongoing manner. Furthermore, the vitamin D measurements were calibrated with the DEQAS standards, which improve its international comparability. Finally, HALST is a relatively large study in Asia (n . 5000), with a comprehensive list of covariates, thus giving us power to investigate the independent association between vitamin D and physical performance.
Because a decline in physical performance is a predictor of adverse geriatric outcomes (15) (16) (17) , improving or maintaining physical performance is a target for intervention. We aim to investigate whether baseline vitamin D status is associated with declines in physical performance during the follow-up. Given that vitamin D status is associated with many modifiable lifestyle factors, identifying risk populations and implementing individualized intervention strategies should be possible.
